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Compressive First cracking Ultimate tensile

Flexural strength

Ultimate tensile

Young's modulus Density

Strength strength strength strain 3
(MPa) (MPa) (MPa) (MP2) (GPa) %) (g/cm?)
20-95 3-7 4-12 10-30 18-34 1-8 0.95-2.3

Table 1. Mechanical and physical properties of ECC [5]

ods il J 5Ky Ay 4 S TS ECC s
35500 O 4 daeile on e 5L alS ke 4y 5 ol
[12]
oS ok Db SIS Ay S L ECC Al ®
113] ool s | b O 5 J aos
oo Ol Kiasy abas 4 odd el glatagy aio
&l bl b sl o35 55 500 PVA Gl L ECC Hlas
Wl 0351 el go 55 SUI L LECC llas (555 Goios
ECC dlas (555 smludo o slaiassy LS 5 s o
Cog2BU pmen [15, 14] wleols plnil PE) ol L S
LECC wlas 55 PP) hess b S 5,06 o 5 Sk
Flae (Soxd 5 SO o Sis [17, 16] Whs S e
el 0 &, (1) Jsdr ,5ECC
03,0 055 3 s 53 HPFRCC s 3 508 306 cllis sl 55

&Lwﬂlon)jcdejﬂﬂmf;QYLﬂj\d\

Sl (Sl S Slasia -
3Lzl 5 3o ) 3lp i)=Y

St Sl S oS SU e il
e ay Sldle S opl el ol eslital (sl 5 s oLl
las Kha n @iledde Sl asze sbolll zils
Slr s 1 Sl glacyj 508 5 CL“‘ RERRTRE
DRl 5 cnl oo ke Gbaay B 5 bsesed (o glede
@L‘” oy S Sl 4 cole L oaS il s ge
el o oslinal o edys ] ieidly Jde HPFRCC

16 |_ight Weight ECC
7 Wang

18 Kamal

1% Takashima

215

VA e s TS adsl slaiasn ams LS
5 oS Coglie bl gheay (uiselS pl g ol
sl b O ol en wd 5 oS 8 S Sl sl
vy ol pll glafass [6] 55d 00 eslina] VL
il ol e YO Jle s LK, s Tl
B oY sy K0 5 ISl VY bl 23S e slie
SJl s [7] el sl 0L llas ol 8l 1y s /01
- o5l pUL HPFRCC éL.a.a Sl as Gl gla
dsb b besle sl sl (ECC) 7 oign o (slo
sl s Shas (Rl imen 5 M b ree e
Blann s O oKLl 55 Hlae ) il sz e
Jlo o 1 s 4 edplnil o ilesT el 2 5 e
S Caglie sl 3 YooY Jle s g 5 1aaY
Ol 55 3l dopn 0B Y 0 K 5 JSLLEK 1 JIt
[9, 8] el o3l

Sl S Ll il glsl gl ECC Slas
Sl Ll le gl
ke Ol Kiagn ahws 4 &S wcs‘f s+ ECC ™

s K e s O 5 TES e

3 o Lo 08 s Sl el ~b

- o olitul o3 8 (1S S5l L (8 s oo

[11,10] 55

® Ductal

" Bache

8 Chanvillard

° Rigaud

12 Engineered Cementitious Composites
Li

12 Fischer

13 Self Consolidating ECC

* Kong

15 epech



OLes 5 (63950 b

e eddantle asyl o gt 4 o SVl (glos J ko, o)

Flas 5 Joems e o 3l e 4 5 Joh dlall s
Jhasl el plwl (S8 ol adi el HPFRCC
HPFRCC wllas .cond sdidosls 0L25 (0) JSCs s ( al&la]
Jsb 4 Osm 4 L5 il oo Sopglme 3 55 51 pla i s
Sl 5 ek Sl ol sl el J5 Ges 9o
el o ) () IS s ‘JAK.L&L,}T G303 33 Gy Sle)]
2Ll B, 53 O o S A GBS K 5y
Sk Ao Sler bl o o bl el
Sl slesl 5o ol ol )l 5 O st 4 D st ()0 S0k
osliid late Cul o8aS 3l O g b 5o 5 S SaSS
WUl 5 ge8 amio 530S > Jlie 3 (st YLl 0l
P S FEEATY (S gsdes Sor s 40 J s ol 0l
3 555 brale Jlall amio j3 135 5 S8y Dose &
IS cl s Jalesl Sy 4l gl o IS0 o

)

(Y] aelesl Jlast Jtlesl plnil (S8 0 IS

tﬁ East

West = (444.822 kN)

900 Kips Ackuaion

Pn

ﬂ (2590.8 mm) 10z |

(4876.8)mm) | |
o

RC Colmn —t—

77

Fig. 5. Test setup [20]

[V ] A3l 65ad 53 (sduy slos] Sligm 5 pwdion sl 1 K&

(2089.15 mm) (355.6 mm)
28" vl

[N 228"

(2089.15 mm)
82 25

BEamm o 40T
]

¥ e 25 wassme)
: 3
3a6°
4
305 iaiemt % Beam .
b s o 87" [y oo/ Reinforcement _—
(SR T R | S i— i 8 | g5 g § 0 iy AR .
P 1=t }
osssom [T LT ] T FEREE
| T
8.
Specimen 1 5]
o (76.2 mm) Specimer 2 = sz \FOM st s/ 213
(2235.2 mm)| 3 . e
Column Remizme':t —& o GH10M Outer Edge of
435,67 (1168.4 mm) HPFRCC Zone
W10M Stirrups (typ.) —\
g

Ui
(5715 ) 2 258 (o o

45355 mm)
Fig. 6. Reinforcement details of two specimens [20]

2 Concrete Damaged Plasticity Model
3 Lee and Fenves
1 Verify

2odde ol [18] 5)ls 555 Lid 5 LS 53 sl 5 o2
Jae 3 [19] ol sdd sl b T ugd 5 J Oldlae Ll
D oSS G SS N e i skl ity
e Olgea ol 5 (23S 53 HPFRCC wllas 5 Jsens
53 imen (& 5 Y) Sla K3 ssd 0 w8 S s o gl

el 05 et < el (S S5l 53 ke
Ol 51 HPFRCC wlas 5 Jsane o sibedie sl
S eV giledds sl 5 C3DBR a5 i (gdxdans
A Sl ol eslizd C3D2 L5 a8 3 sdwian oLl
@331 4=y aw slls T3D2 5 C3DBR lapldl 3 6 5
Ok e b ledde Skl Loldl ) ol Il

.Ju.)‘.) b J‘yiﬁj

[19] S comd (3 (550l R 8= 55 o ¥ S

G
o =
i
AN
. i
A=, 1
Fig. 3. Uniaxial stress-strain curve of concrete under tension

[19]

V4] 5L Cod 1 (6 5oenlST (23 ,S= 55 pomie b IS

o

P

______

Qo

sloE,

Fig. 4. Uniaxial stress-strain curve of concrete under compression
[19]

Goledte K &s 5ok ) p sladde Y=Y
& odd ol ALl (gl tass b s ol
92 o)wdd}a..v uﬂ}ﬂ?-)bc[zo] QK?:?A b@\b\)b}% 4.1:.«_5

ol 305 5 45 8 13 ssdomn syl Jde | plosT s (sl

20 ABAQUS



\T"\-\Jb/r e)w/r.hJ@AJjé

oot Ol e pwdige gk — ode dlae

[Y+] JAKQLU'T b e Y Jgd

High-Performance Fiber-Reinforced M ) Drift Max.
Specimen Cement Composites (HPFRCC) ne e ) max rad capacity, Beam rotation,
Opc, MPa Epc f.,MPa 2 Myy (\/f_c' MPa) rad rad
1 2.7 0.010 39.3 2.2 1.2 0.002 0.05 0.045
2 2.2 0.013 42.7 1.6 14 0.008 0.06 0.045

Table 2. Summary of experimental results [20]
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Fig. 8. Lateral Load-drift curves of finite element model for different
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DRSS Glagme Grmes Il edd Gl F) g
22 eld il @ 4 g L AM 5 VM 0AM slas s
A e [20] 5l ot

o Db slas Ko SO Clasiie ¥ Jgd
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No.19Mbars  No.10M No. 6M
. St|rrup3
Specimen
PRV TR PR PR A
& MPa MPa MPa MPa MPa
1 540 660 500 770
2 435 695 NA NA 200 610

Table. 3. Mechanical properties of longitudinal and transverse
reinforcements used in specimens [20]



OLes 5 (63950 b

e eddantle asyl o gt 4 o SVl (glos J ko, o)

5 53 a3 HPFRCC sllas 51 aslisul -)-¥
2 f 03 BB HPFRCC 4l Jb ) ) s skaies,
HPFRCC 4l Jsb ¢ 5 4o 5l et Il 5 Shes (55,
2o bRy s e bdsb el ddeslindl 5
A a5 G VIVY) 5 Gas ol 55 (e e VOO
Pl O IS s ke (e VOVVA) 5 Gas
el s d 03l OLAS (She gladde s teos Gla e
edie Lo 5l ol ol aodt () Jodr 53 (izees
Gladie gl eyl ks Ao s 55 (V) s 53 5 ol ol
o daee (O olK15) Lun JLail & S 03500 (152

ol

J)btjiwélﬂijL_;udbmuiﬁ@l;}duj\;)&.}.\' Js
5 5 Lais HPFRCC 4t

140

120

100

80

60

Lateral Load (kN)

40

—a—HC-Michigan
++-#-- HC-B355.6
— & -HC-B1066.8

20

0
0 0.02 0.04 0.06 0.08 0.1

Drift (rad)
Fig. 10. Envelope results of hysteresis curves of the three lengths of
HPFRCC only in the beam

by yloge g s Y

Slasein 5 (8) Jod= 55 dadde @lv@fu e
eb (oISl cpl 3 ol s &1 (0) Jsr L3 Ladute
<ol e bkl HC-Michigan e a2l Jok
5 Ssere 0 oS 5 3l dde ol &S el 0T sdiaslis HC
HC- Jute 4 yed Ol & ol 0 K25 HPFRCC s
Ahas 5 Jseme 2 S5 5l &S ol Jlasl BO-C355.6
HPFRCC 4L Jsb 4S5, sba ol saasl HPFRCC
5035 o e YOOI 5 sao b plp o & Dt 5 5 2
AL Gl Jlasl wlie (Jlasl pl Slasis i
REIUH I LRI T

ladie (5 IISpl S5 £ Jgaer

Term Notes
C Connection with Normal Concrete
H Connection with HPFRCC
HC Connection with Normal Concrete and HPFRCC
BO Length of beam in HPFRCC iis equal to 0.0
Length of beam in HPFRCC
B355.6 is equal to 355.6 mm
Length of beam in HPFRCC
B1066.8 is equal to 1066.8 mm
Length of column in HPFRCC
3556 is equal to 355.6 mm
Length of column in HPFRCC
cri12 is equal to 711.2 mm
fc28 Compressive strength of Normal Concrete
and HPFRCC equals 28 MPa
fe35 Compressive strength of Normal Concrete
and HPFRCC equals 35 MPa
WO4Bars Extra reinforcements are removed

in the panel zone
Table 4. Naming models

Ldbe Slasuin 0 Jgd>

oo Tawy  PPRCC g FPRCCE Dl o b
(MPa) (MPa) (mm) (mm) (mm) (mm)
HC-Michigan 413 427 711.2 0 152 Neg{hce?”pgﬁstf"l”s:;e
HC-B355.6 413 427 355.6 0 152 N%ltfhﬁnpr:frftisolnéz76
HC-B1066.8 a3 427 1066.8 0 152 Nghfe?”pf:ﬁsiné;G
HC-B0-C355.6 413 427 0 355.6 152 N‘g‘t'hfe‘;”pler‘gol”éz75
HC-B0-C711.2 43 427 0 711.2 152 N%‘t'h?;”pr:’r‘t’solnéz75
H 413 42.7 Total length of beam Total length of column 152 N?{hz‘:nplﬁstfolné;e
HC-WO4Bars 43 427 711.2 0 152 NeS{hZ?”plerf;f°1”§ 276
HC-C711.2-fc28 28 28 711.2 711.2 152 Neg{h‘;‘?”pgeﬁs‘f"lnsi 276
HC-C711.2-f'c35 35 35 711.2 711.2 152 Near connection: 76

Other parts: 152

“there are no stirrups both in beam and column in the panel zone.
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Table 5. Models specification
33dee Szl sladie Lo 5l Jol i 4o A g

. . P 3,
P 3, Drifty P 3 Driftu  p=84/ Prnax 5, o o
Name ¢ 4 o Y v o max Prax/Py  (Concrete) (Concrete)
(kN) (mm) ) (kN) (mm) %) 3, (kN) (mm) (kN) ()
HC- 111.75
P 91.3976 33.525 15 78.893 178.8 8 5.33 118.779 (Drift 1.299 10.3412 2.235
Michigan 59)
He- 134.1
88.8355 26.82 1.2 76.8103 201.15 9 7.5 119.408 (Drift 1.344 10.9339 2.235
B355.6 6%)
HC- 111.75
90.8938 33.525 15 78.276 178.8 8 5.33 119.019 (Drift 131 9.988 2.235
B1066.8 59)

Table 6. Summary of the results of finite element analysis

Lo Il & o eJlail Cilien sla 2l Sl i doys Y J gk

Changes (%)
Name
Py 6y Py Sy 2 Prmax Smax Pmax/Py Per Scr
HC-B355.6 -2.803 -20 -2.64 +12.5 +40.713 +0.529 +20 +3.464 +5.731 0.0
HC-B1066.8 -0.551 0.0 -0.782 0.0 0.0 +0.202 0.0 +0.847 -3.415 0.0

Table 7. Percentage of changes in various parameters of connection compared to the experimental specimen

39dmn (sl Gladite o 51 ol s 4o A Jgor

i R Drift P 5
P, 8 Dty P, 8 - Pr e bp (Concret .
Name @ am o) ) em g MY ) am P/ CRRE T (Conerse)
e 111.75
HC-Michigan ~ 91.3976  33.525 15 78.893 1788 8 533 UBTI9 ey 1299 103412 2.235
HC-BO- 111.75
CT112 81.5813 22.35 1 68.6792  178.8 8 8 L4467 s 14031 114455 2.235
HC-BO- 111.75
C355 6 82.2335 22.35 1 66.4459  178.8 8 8 15078 irse 13994 116348 2235
Table 8. Summary of the results of finite element models analysis of models
Lee Il &5 Cond Izl i sla 2l Dl s Ao s & g
Changes (%)
Name
I:’y Sy Py Bu 13 Prax 6max Pmax/Py Per 60r
HC-B0-C355.6 -10.027 -33.333 -15.777 0.0 +50.094 -3.116 0.0 +7.729 +12.509 0.0
HC-B0-C711.2 -10.74 -33.333 -12.946 0.0 +50.094 -3.63 0.0 +8.014 +10.679 0.0

Table 9. Percentage of changes in various parameters of connection compared to the experimental specimen
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Fig. 13. Envelope results of hysteresis curves for HPFRCC
and experimental specimen
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Fig. 12. Envelope results of hysteresis curves of bending

connection with normal reinforced concrete and experimental

specimen
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Table 10. Summary of the results of finite element analysis of models
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Table 11. Percentage of changes in various parameters of connection compared to the experimental specimen
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Table 14. Summary of the results of finite element analysis of models
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Table 15. Percentage of changes in various parameters of connection compared to the experimental specimen
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Table 16. Summary of the results of finite element analysis of models
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Table 17. Percentage of changes in various parameters of connection compared to the experimental specimen
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Table 19. Percentage of changes in various parameters of connection compared to the experimental specimen
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Abstract

In recent years, the use of High Performance Fiber Reinforced Cementitious Composites (HPFRCC)
materials has been taken into consideration, in order to construct safe structures against earthquake.
HPFRCC refer to the materials, including cement mortar with fine aggregates and fibers. The distinctive
feature of the materials is that they exhibit strain hardening behavior under tensile loading, unlike normal
concrete and fiber reinforced concrete. The HPFRCC materials can be used for seismic retrofitting of
structural components, construction of structural fuses and in areas susceptible to degradation in structures,
such as beam-column connections and shear wall interface beam. As the beam-column connections are
considered as one of the points of damage in concrete flexural frames, the use of the HPFRCC materials in
the beam-column connections, which have high strength and ductility, can lead to the formation of the
structures with higher strength and ductility compared to normal concrete structures. This study first
introduces the materials and then determines the effect of the use of the HPFRCC materials in the beam-
column connection performance. Therefore, the results of laboratory studies conducted by Chao at the
University of Michigan were used to verify the finite element model. The effect of the different parameters
of beam-column connection, including HPFRCC materials length area in the beam, HPFRCC materials
length area in the column, compressive strength of concrete and HPFRCC materials, the distance between
stirrups in the beam and the distance between stirrups in the column, individually or combined, and the
performance of connection were investigated in the base model. Results showed that if the HPFRCC
materials are used in some parts of the beam or column (with panel zone), the maximum strength, yield
strength and ductility ratio of beam-column connection are respectively 36.9%, 10.4% and 53.1% greater
than the beam-column connection made of reinforced concrete. Furthermore, the concrete compressive
strength has a significant effect on the connection ductility ratio, so that the ratio of ductility of the
connection with 35 MPa concrete is 40.7% greater than the base connection (University of Michigan). It is
notable that in the experimental specimen where the HPFRCC area length in the beam is twice the beam
depth (711.2 mm), the reduction of the HPFRCC area length just in the beam led to the 40.7% increased
ductility ratio of the connection from twice the beam depth (711.2 mm) to the length equal to the beam depth
(355.6 mm), compared to the base connection (University of Michigan), while it had minimal effect on the
connection strength. Moreover, the use of the HPFRCC area just in the column led to the 50.1% increased
ductility ratio of the connection compared to the base connection (University of Michigan). The results
indicated that when HPFRCC materials were used in the beam, the use of HPFRCC materials in the column
did not have a significant effect on the strength and ductility ratio of the connection.

Keywords: HPFRCC, Reinforced Concrete, Beam-Column Connection, Seismic Behavior, Ductility

225





